Abstract
Introduction

29
Works on the development of geopolymer binder as an alternative to traditional cement has 30 been considerably increased in the recent years. This is because of the numerous benefits of 31 geopolymers over traditional cement binder such as lower CO 2 emission [1] , requirement for 32 less processing of the raw materials [2] and development of desired strength and structural accordance with ASTM C1437-13 standard [23] . Cube mortar specimens of size 50 × 50 × 50 117 mm were cast for compressive strength tests and 100 × 50 mm cylinder specimens were cast 118 for sorptivity tests. The specimens were demolded at 24hrs after casting and then cured at 119 room temperature (20±2°C) at a relative humidity of 70±10%. Compressive strength tests of 120 the specimens were performed at 7, 28, 56 and 90 days in accordance with the ASTM C109
121
[24] Standard.
122
The morphology of the hardened samples was examined by a MIRA3 TESCAN using 123 a scanning electron microscope (SEM). X-ray diffraction (XRD) experiments were conducted 124 on a Siemens D500 Bragg-Brentano diffractometer in a 2h-range of 5-80Ɵ. Operating 125 conditions for the XRD were set a 40 kV and 30 mA using a Cu ka X-ray source. Crystalline drying under room temperature for 1hr before recording the mass changes. Strength and 135 microstructure of the geopolymer specimens were also investigated after different exposure 136 periods. Sorptivity tests were conducted with 100 mm diameter and 50 mm height specimens 137 in accordance with ASTM C1585-13 [26] . The sides of the specimens were coated with 138 epoxy to allow free water movement only through the bottom face. observations in previous works [3, 4, 8, 9] . Nath and Sarker [9] and Provis et al. [27] 
Compressive strength
160
The compressive strength developments of the fly ash geopolymer mortars with 0%, 1%, 2% 161 and 3% nano-silica are shown in Fig. 2 . Each value is an average of the results obtained from 162 3 identical specimens. The coefficients of variation of the results were mostly within 5%. For 163 example, the coefficients of variation of the 28 day-compressive strengths all the geopolymer 164 mixtures were in the range of 0.38% to 5.1%.
It can be seen from the figure that the rate of strength development slowed down significantly 166 after 28 days and it was negligible after the age of 56 days. Noticeable increase of strength 167 can be seen in the fly ash geopolymer mixtures containing nano-silica. The extent of the 168 increase in strength is dependent on the percentage of nano-silica. The highest strengths at all 169 ages up to 90 days were found in the mixes with 2% nano-silica. While the strength of the 170 mix with 3% nano-silica was higher than that of the control mix (FA-NS0), it was less than 171 that of the mix with 2% nano-silica. Fernandez and Palomo [28] reported that the fineness of 172 the source material played an important role in the strength development of geopolymer 173 binders. Temuujin et al. [29] also showed that the reduction of particle size and change in 174 morphology increase the dissolution rate which eventually increased the compressive strength 175 of geopolymer binder.
176
It was shown in previous works [3, 8, 9 ] that curing temperature, molarity of sodium nano-silica showed similar trend in Fig.2 . The nano-silica takes part in the reaction process 182 from an early age because of its high specific surface. A greater degree of reaction of the 183 aluminosilicate source materials is expected to give higher strength [30] . However, the results
184
of this study suggest that there is a limiting value on the percentage of nano-silica beyond 185 which no further strength increase is obtained. Thus, the optimum dosage of nano-silica for 186 this mix series is found to be 2%. Belkowitz et al. [31] noted that the unreacted nano-silica 187 caused an excessive self-desiccation and cracking in the matrix that eventually reduced the 188 strength. Therefore, the less strength of the mix with 3% nano-silica than that of the mix with 189 2% nano-silica is attributed to the presence of unreacted particles acting as defect sites.
190
The strength developments of OPC and GGBFS blended series with the different It is noteworthy that inclusion of nano-silica from 0 to 3% in the OPC and GGBFS 
Sorptivity
212
Sorptivity tests were conducted for the mortar mixes without nano-silica and with 2% nano-213 silica. Nano-silica dosage of 2% was selected for the sorptivity and acid resistance tests since results show that mass of the geopolymer specimens gradually decreased with exposure time.
249
It can be seen that the mass loss after 90 days of acid exposure for fly ash only geopolymer 250 mix without nano-silica was 5.41% as compared to 1.9% for the mix with 2% nano-silica.
251
After the same exposure period, the mass loss of the OPC blended fly ash geopolymer mixes 252 without nano-silica (FA-PC-NS0) and with 2% nano-silica (FA-PC-NS2) were 6.0% and 253 2.3% respectively. Similarly, the 90-day mass losses for the GGBFS blended fly ash 254 geopolymer mortars were 5.8 % without nano-silica (FA-S-NS0) and 1.5% with 2% nano- 2% nano-silica in the OPC blended geopolymer mix (Fig.8) in Fig. 9 (c) and the microstructure of Fig. 9 (e) to that in Fig. 9 that the aluminosilicate gel of the mix with 2% nano-silica (FA-NS2, Fig. 9(b) ) was more 334 compact than that of the control mix (FA-NS0, Fig. 9(a) ). Similar differences are also 335 observed in the mixes of the other two series. This observation on the differences in 336 microstructures is consistent with the less strength loss of the mixes with 2% nano-silica, as 337 shown in Fig. 8 . It suggests that the introduction of 2% nano-silica reduced the porosity and 338 increased the acid resistance in terms of strength loss and disintegration of the microstructure.
339
The dense microstructure formed by nano-silica provides resistance to the penetration of 340 acidic ions reducing the extent of disintegration in the microstructure and eventual less 341 strength loss.
342
The energy dispersive X-ray patterns for fly ash only, OPC and GGBFS blended fly 
354
The XRD spectra of the samples after 90 days exposure to acid solution are shown in 
Conclusions
373
The effects of nano-silica on the flowability, compressive strength and acid resistance of strength was found to be 2% of the binder.
385
• Sorptivity of the specimens with 2% nano-silica was less than that of the control 386 specimen. All the specimens remained intact after 90 days of immersion in 3% 
